Introduction
A poliomyelitis outbreak of 10 clinical cases and asymptomatic infections estimated at >1 100000 occurred in Finland in 1984 to 1985. The epidemic followed 20 years without a single reported clinical case and no signs of poliovirus circulation in the population (Hovi et al., 1986) . The wild type 3 poliovirus strains isolated during the outbreak have been shown to differ considerably from previously characterized type 3 poliovirus strains in both immunological and molecular properties (Magrath et al., 1986) . Remarkable antigenic differences, involving all three major antigenic sites, were found among individual isolates from the outbreak (Huovilainen et al., 1987 (Huovilainen et al., , 1988 Kinnunen et al., 1990) .
The genome of a representative strain (P3/Finland/23127/84, referred to below as P3/Fin/84) was sequenced completely and showed striking differences from the previously sequenced type 3 poliovirus strains (Hughes et al., 1986) . We have prepared a synthetic 17-mer oligonucleotide complementary to a region in the 5' non-coding part of the genome that showed only 45 % homology with the type 3/Leon strain. When used as a 0000-9533 © 1990 SGM probe in hybridization it detected all epidemic strains isolated in Finland in 1984 to 1985 but only very few of 20 independent type 3 poliovirus strains isolated elsewhere in the world previously (P6yry et al., 1989) .
In this paper we describe a thorough search for polioviruses that might be genetically related to the P3/Fin/84 strains using as tools both the above oligonucleotide hybridization and partial sequencing of genomic RNAs at two separate regions. The results indicate that type 3 polioviruses related to isolates from the 1984 Finland epidemic had been circulating in Mediterranean countries since the late 1970s.
Methods
Virus strains. The 80 type 3 poliovirus isolates studied (Table l) were from the collections of three different laboratories. Viruses were passaged once in Vero cells in Helsinki to produce high titre inoculation stocks.
Hybridization specimens. The specimens for hybridization were prepared as described previously (P6yry et al., 1989) .
Labelling of oligonucleotide and hybridization assay. The synthetic oligonucleotide (5' AATCACTGGTTTGTGAC 3'), complementary Poland  NIBSC  17206  1973  Netherlands  RIVM  7547  1974  Netherlands  RIVM  75-1  1975  Romania  RIVM  20472  1976  Netherlands  RIVM  LSO3206  1976  Kuwait  RIVM  137  1976  Hungary  NIBSC  109  1976  Morocco  NIBSC  14599  1977  Asia  RIVM  14600  1977  Asia  RIVM  14601  1977  Asia  RIVM  21267  1977  Morocco  RIVM  Ext1668  1978  France  RIVM  009  1978  Egypt  RIVM  5840  1979  NK  RIVM  6061  1979  Indonesia  RIVM  14316  1979  Vietnam  RIVM  3406  1979  Yg  RIVM  2141  1980  Switzerland  CDC  1565  1980  Mexico  CDC  45201  1980  Romania  RIVM  1793A  1980  Brazil  RIVM  12667  1981  Netherlands  RIVM  3804  1981  Netherlands  RIVM  20800  1981  Turkey  RIVM  3-963  1981  Brazil  RIVM  5828  1981  Israel  RIVM  6426  1982  Venezuela  CDC  15250  1982  India  CDC  V1  1982  Egypt  CDC  V2  1982  Libya  CDC  18714  1982  Turkey  RIVM  40  1982  Spain  RIVM  V3e  1983  Spain  CDC  V17  1983  Finland  CDC  1844  1983  India  RIVM  4306  1983  NK  RIVM  1293b 1983 Spain RIVM to nucleotides 494 to 510 (Toyoda et al., 1984) , was purchased from the Department of Medical Chemistry, University of Helsinki, Finland and labelled according to the manufacturers' instructions at the 5' end with 32p. The hybridization was carried out as previously described (P6yry et al., 1989) .
Genome sequence analysis. A modified dideoxynucleotide chain terminating method was used to determine partial RNA sequences as previously described by Huovilainen et al. (1988) . Synthetic oligodeoxynucleotide primers and the sequenced regions are shown in Table 2 . Eighteen strains were sequenced at two separate genomic regions for sequence comparison. Eight strains were also sequenced at genomic regions encoding the major antigenic sites as shown in Table 2 .
To study genetic relationships, partial sequences (150 nucleotides) of the VP1-2A coding region were aligned in all pairwise combinations and the respective percentage of identical nucleotide sequence was calculated. A dendrogram was then constructed using a binary agglomerative procedure. For the sequences of the hypervariable 5' non-coding region (positions 640 to 740; Toyoda et aL, 1984) the NALIGN program (PCGene) was used to determine the best alignment according to the principle of Myers & Miller (1988) . The identity scores obtained were used for constructing a dendrogram as above.
Microneutralization assay. Antigenic characteristics of the strains were assessed using a microneutralization assay as described by Huovilainen et al. (1987) and a panel of type 3-specific monoclonal antibodies (MAbs) targeted to antigenic site 1 (Ferguson et al., 1984; Minor et aL, 1985) . The specific amino acid residues to which the MAbs bind are not known. Another MAb (868) was used to identify P3/Sabin-related strains. MAbs were a gift from M. Ferguson. A rabbit antiserum prepared against one of the Finnish isolates (P3/Finland/00811/84) was absorbed with D antigen preparations from P3/Sabin and P3/Saukett G strains. After absorption it was not able to neutralize isolates from the United States but still neutralized the immunizing strain at a 1:2048 dilution. The absorbed antiserum was provided through the courtesy of Mr A. G. Hazendonk and was used in the antigenic characterization of the type 3 poliovirus strains as well.
Results

Oligonucleotide hybridization
Eighty independent clinical type 3 poliovirus isolates from different parts of the world were tested with the 
Partial RNA sequencing
Strains positive in oligonucleotide hybridization were partially sequenced at two genomic regions. One of these covers 150 nucleotides in the region of RNA encoding the carboxyl terminus of the capsid protein VP1 and the amino terminus of the non-structural protein 2A (RicoHesse et al., 1987) . The other comprised the 5" hypervariable region at nucleotide positions 640 to 743.
The three oligonucleotide probe-positive type 3 strains isolated in the 1950s differed considerably from the P3/Fin/84 strains at the two sequenced regions. In contrast, the P3/Swiss and P3/Turkey strains appeared to be relatively close to the P3/Fin/84 strain (Table 3) . These results prompted us to concentrate on further studies of strains isolated in the Mediterranean countries. Sixteen other type 3 poliovirus strains isolated in Europe or in the Mediterranean countries in the 1970s or 1980s were subjected to partial RNA sequencing at the two genomic regions. A dendrogram constructed from the results on the VP1-2A junction (Fig. 1) shows that the closest relative to the P3/Fin/84 strain, among the isolates compared, is the Swiss isolate from 1980. Another strain differing from the P3/Fin/84 strain by only 5~ was the other oligonucleotide probe-positive isolate Turkey/81. A group (I) of other strains isolated in the Eastern Mediterranean region in the 1970s to 1980s appears to be somewhat more different, but forms, together with the three above strains, one of the three major subgroups of the analysed Old World strains. Another subgroup (II) consisting of primarily European strains differs from the above group by about 16~; the third group is even more distant (Fig. 1) .
When comparing the 5' hypervariable region of the genome, the strain that most resembled P3/Fin/84 was found to be the strain isolated in Turkey in 1981. The P3/Switz/80 strain, which was the closest strain to the P3/Fin/84 strain at the VP1-2A region of the genome, appears here to be related to another strain from Turkey and to a group of Spanish strains. The general structure of the dendrogram (Fig. 2) based on the sequence data from the 5' hypervariable region of the poliovirus 
Antigenic properties
The :~ About 45% of more than 300 strains tested show this pattern. § Plaque-purified strains (Kinnunen et al., 1990) .
Discussion
The purpose of the present studies was to search for relatives of the type 3 poliovirus strains associated with the outbreak of poliomyelitis in Finland in 1984 to 1985. We used one region of the poliovirus genome in oligonucleotide hybridization and several for partial R N A sequencing. In antigenic site comparisons we used MAbs and R N A sequencing. When the results from different genetic analyses were compared there were two strains, P3/Switz/80 and P3/Turk/81, that appeared to be the closest relatives of the P3/Fin/84 strain (Fig. 3) among the 18 strains partially sequenced. Rapid evolution of R N A viruses makes it possible, by comparing genomic sequences, to detect epidemiological links between strains even if they have been isolated in remote geographical regions. Using oligonucleotide fingerprinting it is possible to survey the entire genome and this method has been widely used in epidemiological studies (Kew et al., 1984; Takeda et al., 1984; Trent et al., 1989) . However, it loses its power relatively rapidly as strains diversify. Partial R N A sequencing has been adopted more recently to link larger groups of virus strains within a serotype in distinct lineages or genotypes (Rico-Hesse, 1990; Rico-Hesse et al., 1987; Burness et al., 1988) . Nucleic acid hybridization using synthetic oligonucleotide probes is yet another approach for revealing epidemiological linkages (Kerschner et al., 1986) .
In our previous studies (P6yry et al., 1989) we have described an oligonucleotide probe that appeared to be relatively specific for the P3/Fin/84 strains and prompted us to use this method in the search for strains related to P3/Fin/84. However, in the present studies we found that Hughes et al. (1986) and Minor et al. (1986) , are underlined. t Sequence of a representative strain (Hughes et al., 1986) . :~ Plaque-purified strains (Kinnunen et al., 1990) . § r~D, Not determined.
II (*), The primer did not fit. ¶ Sabin 3 according to Stanway et al. (1983) .
** Different Saukett strains according to .
assuming relatively independent evolution of this region of RNA and taking into account the specific restraints due to the proposed secondary structure of RNA (Rivera et al., 1988; Pilipenko et al., 1989; Skinner et al., 1989; Pfyry et al., 1989) . In any case, our present results indicate that this probe is not likely to be useful in studying distant relationships. A positive reaction with the probe among related type 3 poliovirus strains can, on the other hand, be considered as further proof of an epidemiological linkage.
In the present study we compared separately two genomic regions of poliovirus strains by partial RNA sequencing. The results for the VP I-2A region were very similar to those of Rico-Hesse et al. (1987) , i.e. the branched structure of the dendrogram revealed defined genotypes (clusters of closely related strains). The two strains, P3/Switz/80 and P3/Turk/81, which were the strains closest to the P3/Fin/84 strain, differed from the latter by 3~ and 5%, respectively. This is within the limits postulated by Rico-Hesse and coworkers in 1987 for epidemiologically related strains. Previous data on T 1 fingerprints also supports a close relationship between the P3/Fin/84 and the P3/Swiss/80 strains (data not shown). More recently, we have compared this genomic region of 18 other 5'-probe-negative type 3 poliovirus strains with that of the P3/Fin/84 without finding strains with sequence identity greater than 68 % (T. P6yry et al., unpublished results).
In the coding region the variation is limited because of the requirement for a functional polypeptide structure. In a non-coding region the secondary structure of the RNA could be a factor limiting variation. No secondary structure has been suggested for the 5' hypervariable region of the poliovirus genome. In fact, it has been postulated that secondary structure in this region may be functionally deleterious because it could inhibit the ribosome scanning needed for initiation of translation (Rivera et aL, 1988) . The lack of structural restraints can be expected to result in wide variation among unrelated strains. Indeed, the Sabin poliovirus strains are known to differ from each other by about 50% in the hypervariable region (Toyoda et al., 1984) . In the present study we found that the intraserotypic divergence also ranged from 1 to 49% (Fig. 2) whereas 20 P3/Fin/84 strains isolated from different individuals during an outbreak differed from each other by 0 to 5% (data not shown). These observations indicate that sequence identity in the 5' hypervariable region speaks for a close epidemiological linkage and, on the other hand, that sequence comparison in this region also loses its usefulness when the strains diversify. By comparing the two dendrograms it is obvious that several pairs or small clusters of related strains in one dendrogram are positioned similarly in the other. However, several examples also exist for a close relationship in the VP 1-2A dendrogram and very distant location in the 5 ' hypervariable region dendrogram. This suggests that the two genomic regions evolve at different rates and that, in extreme cases, recombination between members of two poliovirus genotypes may have occurred. No distinct clusters were seen in the dendrogram of the hypervariable region in contrast to that of the VPI-2A region. An explanation for this could be that mutation in the hypervariable region may be subject to few selective constraints, thus permitting a continuous mode of divergence of the strains.
In antigenic comparisons, we used MAbs that primarily target on the major loop (VP1 amino acids 89 to 100) of antigenic site 1. This set of MAbs was previously found to be useful in analysing the variation among the different isolates of the Finnish outbreak in 1984. In the present studies the set of MAbs used was not helpful in determining more distant epidemiological linkages. Animal antisera to each virus strain studied and neutralization assays would have been needed to evaluate fully the antigenic properties but this was not carried out.
In conclusion, we can state that analysis of three independent genomic regions revealed that wild polioviruses closely related to the P3/Fin/84 strains have been circulating in Mediterranean countries, as one of the major genotypes, in the late 1970s and early 1980s. This indicates that no exotic source for the outbreak was needed, and that the causative agent may have been transported to Finland through normal holiday tourism.
